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I. INTRODUCTION
The determination of accurate Gamow-Teller (GT) transition strengths, B(GT) values, is very important in the study of nuclear structure and nuclear astrophysics. This is because they are intimately related to the overlap between the wave functions of the initial and final states involved in the transformation. The operator is the well-understood operator σ τ . Hence the B(GT) values derived from experiments can be used to test nuclear structure models and also act as a guide to calculate B(GT) values and the associated half-lives (T 1/2 ) of exotic β-decaying nuclei that are experimentally inaccessible at present.
Gamow-Teller transitions can be studied in two different ways, namely in β decay mediated by the weak interaction, and in charge exchange (CE) reactions where the strong interaction is involved [1] . The β decay has the advantage of providing absolute B(GT) values, the GT transition strengths, but is limited by the energy window available. In contrast, CE reactions provide only relative B(GT) values at present, but there are no restrictions on the accessible excitation energy in the final nucleus. Ideally one would like to perform both β decay and CE reactions on the same nucleus leading to the same final nucleus and compare the results. This would provide a comparison of the two probes and determine whether they give similar results. However, the CE experiment, which would involve intense beams of radioactive, exotic nuclei and a highly demanding experimental setup is not yet feasible although it is firmly on the agenda for several future facilities; see, for instance, [2] . An alternative approach is to assume isospin symmetry and to compare β decay and CE reactions in mirror nuclei. Assuming the same GT response in mirror transitions, one can combine them to produce a complete picture of the GT strengths as a function of excitation energy for the two mass A isobars. This is possible when a stable target is available for the appropriate CE study. The transitions from T z = ±1 nuclei to the same final T z = 0 nucleus, among the possible mirror combinations, is the simplest because we need only assume isospin symmetry for the initial two nuclei. With this idea in mind, we have launched a series of experiments at GSI (Helmholtzzentrum für Schwerionenforschung), where we have studied the complete set of β decays of the even-even T z = −1, f 7/2 -shell nuclei 54 Ni, 50 Fe, 46 Cr, and 42 Ti. The results will be compared with the corresponding CE reactions on the T z = +1, stable target nuclei 54 Fe, 50 Cr, 46 Ti, and 42 Ca studied at RCNP, Osaka [3] [4] [5] [6] .
To deduce a B(GT) value for each state fed by a β decay in the daughter nucleus, one has to use the following expression [1] ,
where E is the excitation energy of a level in the final nucleus, I β (E) is the β feeding to the level, f (Q β − E,Z) is the value of the Fermi function for the energy (Q β − E) and a daughter nucleus of atomic number Z, T 1/2 is the parent β half-life, K = 6143.6(17) [7] , and λ = g A /g V = −1.270(3) [8] . Thus, we need the following observables: the β feeding, the T 1/2 , and the Q β value. In the β-decay study of 54 Ni, 50 Fe, 46 Cr, and
II. EXPERIMENTAL DETAILS
The β-decay experiments were performed as part of the stopped-beam RISING campaign at GSI. The nuclei 54 Ni, 50 Fe, 46 Cr, and 42 Ti were produced by the fragmentation of a 58 Ni beam at 680 MeV/nucleon on a 400 mg/cm 2 Be target in separate runs optimized to transport and implant the nucleus of interest. The SIS-18 synchrotron [10] delivered the 58 Ni primary beam with a spill structure of 10 s ON and 3 s OFF and an intensity of 2×10 9 particles per spill. The reaction fragments were separated in-flight in the fragment separator (FRS) [see Fig. 1(a) ] [11, 12] . The nuclei traversing the FRS were identified according to the atomic charge (which in the present case was equal to Z, i.e., the nuclei were fully stripped) and the mass-over-charge ratio A/Q. The charge of the fully stripped ions was determined from the energy loss registered in twomultisampling ionization chambers (MUSICs) located at the end of the spectrometer.
The A/Q value was determined using the magnetic rigidity and the velocity of the fragments. The magnetic rigidity was calculated using the magnetic fields and the positions of the fragments at the intermediate image plane (S2) using the scintillator SC21 and the final image plane (S4) using the multiwire proportional counters MW41 and MW42. The velocity of the fragments was derived from the time of flight measured using the time signals provided by SCI21 and SCI41 and the position of the fragments. The resulting identification plot for all the ions arriving at SCI41 in the 54 Ni run is shown in Fig. 2 as an example. 
S S S S S S S S S S S S S S S S S S S S S
FIG. 1. The schematic layout of the FRS separator and the various detectors used for the identification of the ions. In the lower part of the figure, a schematic layout of the RISING setup including the arrangement of the six DSSSDs is shown. The separated ions were implanted in one of the six double-sided silicon strip detectors (DSSSDs), each with 16 X and 16 Y strips defining 256 pixels, and a size of 50 × 50 × 1 mm 3 forming an array [13] arranged as shown in Fig. 1(b) . The FRS was operated in achromatic mode. Although the ions of interest dominated at the final focal plane, several other ion species survived the separation process and were implanted in the implantation detectors. To improve the sensitivity of selection further, an aluminium energy degrader, placed before the DSSSD, was adjusted so that most of the desired ions were implanted in the DSSSD M2. Therefore, the off-line analysis was performed for the events in which the implantations occurred in the M2 detector (see later for the conditions for implanted ions). This also helped us to obtain accurate efficiencies for the γ detectors because the position of the implanted ions was well defined.
In Fig. 3(a) , we present the same identification plot as shown in Fig. 2 with the additional condition that the implantation occurred in M2. As the figure shows the 54 Ni ions implanted in M2 (3.9×10 6 counts during the full run) can be clearly separated from the rest of the ions (1.8×10 6 ). Figures 3(b)-3(d) show the identification plots with the condition that the implants occurred in M2 for 50 Fe, 46 Cr, and 42 Ti. The β particles also deposit energy in the same DSSSDs and they provided the β-decay signals. A logarithmic amplifier was used to amplify the energy signals produced by the β particles (few hundreds of keV) and the energy signals produced by the implants (few tens of GeV) (see Figs. 4 and 5) . Two kinds of trigger were used in the present experiment: an implantation signal (SCI41 and DSSSD) or a decay signal (only a DSSSD). Typical counting rates were ∼0.5 implantations/pixel/s and ∼0.6 decays/pixel/s in M2 for the 54 Ni run. Similar counting rates were obtained in the other cases. The distinction between the two triggers allows a software correlation analysis between the implant and the decay demanding that the two signals occurred in the same pixel of the DSSSD.
As we see in Fig. 1(b) , the implantation setup was surrounded by the RISING γ -ray array [14] consisting of 15 Euroball Cluster Ge detectors [15] in a 4π geometry. They were distributed in three rings of five Clusters each, at 51
• , Z * 
90
• , and 129
• with respect to the beam axis. The distance from the front face of the Ge detectors to the middle position of the M2 active stopper was approximately 22 cm (see latter). Each Cluster consists of seven hexagonal Ge crystals. In this experiment, measurements of the intensities of γ rays were essential to deduce the feeding to excited states in the daughter nucleus. Some of these states were expected to lie at high excitation energy. Consequently, an array with high efficiency, such as the RISING array was essential with an accurate efficiency calibration up to high energy. Therefore, a particular effort was dedicated to calibrating the efficiency of the array. After the experiment, the detector M2 was removed and replaced by a dummy detector with a pointlike source in the center. 152 Eu, 60 Co, 137 Cs, and 226 Ra radioactive sources were used for the efficiency calibration up to 2.5 MeV and Monte Carlo simulations for energies up to 6 MeV as described in Sec. III B (cf. Fig. 6 ). The efficiency was 17.1(6)% at 0.662 MeV and 11.9(4)% at 1.173 MeV. The energy calibration was done before, during, and after the experiment.
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III. ANALYSIS AND RESULTS

A. Half-life analysis
The β-decay half-life T 1/2 is essential if we are to extract B(GT) values. Previous T 1/2 values for the decay of 54 Ni, 50 Fe, 46 Cr, and 42 Ti are reported in Refs. [17] [18] [19] [20] [21] (see Table I ). However, except for 42 Ti, the desired accuracy of less than a few percent had not been achieved.
To deduce the T 1/2 values, we used time correlations between signals from the heavy-ion implantation (defining t = 0) and the β decay that happened in the same pixel of the M2 DSSSD with the condition for A/Q and Z for the nucleus of interest set as shown in Fig. 3 .
As mentioned above, the counting rates were relatively high. Therefore, it was expected that there are large numbers of randomly correlated events and that some events from real correlations are not properly collected, if the simple consecutive implantation-decay events were correlated. To ensure that all real correlations are included in the analysis, we correlated each β-decay event with all the implantations that happened in the period ±5 s before and after the decay event. As a result we have all the true correlations as well as a large number of events from random correlations. The latter have to be subtracted. The background subtraction was delicate, because of the time structure of the primary beam which influences the time structure of the random correlations. The oscillating structure of the background is clearly seen in Fig. 7 . The 13-s period of the background is related to the 10 s ON and 3 s OFF spill structure of the primary beam from the SIS18 synchrotron. The background was determined by constructing a "wrong" correlation spectrum in which every decay that happened in pixel (i,j ) was correlated with all the implants that happened in pixel (j,i) (where i = j ). A detailed explanation of the method is given in Ref. [22] . The spectra obtained after the subtraction of the "wrong" correlations are shown in Fig. 8 for all four cases.
It can be seen that the resulting background is flat and the counts are close to zero (see Table II fourth column). By selecting the nucleus of interest from the implantation events, we ensure that only this specific nucleus contributes as the parent activity, and we assume that the daughter activity is produced as a decay product. Therefore, each decay curve was fitted with two components, i.e., the decay of the T z = −1 parent activity, and the growth and decay of the T z = 0 daughter activity. Because the T z = 0 daughter nuclei make the so-called superallowed decays, their half-lives are well studied [7, 21] . They were thus fixed in the fit. In Fig. 8 and in column three of Table I , we present the T 1/2 values obtained by using the least squares fit minimization method. Maximum likelihood fits gave very similar results.
Correlations between the implants and the β-γ events were also constructed for the lowest 1 + to 0 + γ transition in the four cases. The statistics were reduced because of the efficiency of the γ array, but there is the corresponding advantage that only the parent decay is involved in the fit. The results of these fits are also presented in Table I . The uncertainties are larger but the numbers are fully consistent with the implant-β correlation analysis. Overall the accuracy of the T 1/2 values was improved by one to two orders of magnitude for the decays of 54 Ni, 50 Fe, and 46 Cr (see Table I , third column). 
B. Gamma analysis and level schemes
As described above, efficiency and energy calibrations of the γ -ray detectors were carried out using standard sources of known absolute strengths up to the excitation energy of 2.4 MeV (see Fig. 6 ). Extended Monte Carlo simulations using GEANT4 [23] were carried out to determine the efficiency beyond the last calibration point. In the simulations the nominal distance between the sources and the front surfaces of the Cluster detectors was adjusted to 23 cm to reproduce the experimental points. The simulations showed that the difference between a "pointlike" source and an extended source illuminating the full M2 detector was negligible in comparison with other uncertainties. Moreover, the reliability of our efficiency calibration was further confirmed by the observation of the three γ rays with energies 436.8(1), 1227.8(1), and 1524.9(2) keV observed in the 42 Ti setting (Fig. 12) . They belong to the decay of the 62.0 s 7 + isomer in 42 Sc [24] and have almost equal intensities. The results of the simulations were confirmed using a 56 Co source (covering a range from 0.8 to 3.5 MeV) with the same setup some months after the experiment.
Each Cluster was used in add-back mode, namely, the energy deposited in any two neighboring crystals within a 100-ns time interval was added together (see the spectra in Figs. 9-12). A typical add-back improvement factor over the single-crystal 
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FIG. 7. (Color online) "
Good correlations" (in black) between beta and implantation events happening in the same pixel (i,j ) as a function of correlation time. "Wrong correlations" (in green) between beta events happening in pixel (i,j ), and implantations happening in the opposite pixel (j,i) (for i = j ). The "Wrong correlation" background was normalized to the "Good correlations" data. As can be seen in the figure both spectra overlap perfectly. The 13-s period of the oscillating background is related to the 10 s ON and 3 s OFF spill structure of the primary beam from the SIS18 synchrotron.
FIG. 8. (Color online) The figure shows the implantation-β correlations for (a)
54 Ni, (b) 50 Fe, (c) 46 Cr, and (d) 42 Ti with the background from the random correlations subtracted (see text for details). The fits to the decay curves obtained were made with two components namely the decay of initial T z = −1 nuclei and the growth and decay of T z = 0 daughter nuclei. As a result the half-lives of the T z = −1 nuclei were obtained (see text).
analysis was 30% for 1-MeV and 60% for 3-MeV γ rays. The energy calibration and gain matching of the detectors were carried out for each individual crystal every few runs to check for possible electronic shifts before applying the add-back. The energy calibration was linear and extrapolated to high energies. The accuracy of the calibration could be examined with the known energies of several γ rays observed in different runs. For example, the known 5523.1(12)-keV line in 44 Ti [25] was observed at 5522.6(4) keV in our experiment [see
The full γ -decay spectra in add-back mode in prompt coincidence (250 ns) with the β signals in the M2 detector, but without any condition on the implanted nuclei, are shown in Figs. 9-12 for the measurements of 54 Ni, 50 Fe, 46 Cr, and 42 Ti, respectively. As expected from the particle identification plot shown in Fig. 3 , the γ peaks in the T z = 0 daughter nuclei 54 Co, 50 Mn, 46 V, and 42 Sc are prominent and the well-known γ transitions from the first 1 + states to the 0 + , ground states are the most intense lines in all of these spectra. Some other γ lines are also visible. They belong either to the nucleus of interest or to other fragments reaching the M2 detector. Their origins are indicated in each of the figures. It should be noted that in the T 1/2 analysis explained earlier a condition was set on the nucleus of interest. Consequently these contaminant γ lines had a negligible effect.
To identify previously unidentified γ lines in the T z = 0 daughter nuclei, we used the information from the corresponding CE reactions. The four ( 3 He,t) reactions on mirror T z = +1 target nuclei 54 Fe, 50 Cr, 46 Ti, and 42 Ca were performed with a high energy resolution of ∼30 keV at RCNP, Osaka [3] [4] [5] [6] using the Grand Raiden spectrometer. In these reactions, the 1 + states populated by the GT transitions were identified. In our delayed-γ -ray measurements, we expect to see the γ rays from these 1 + states to the 0 + ground state or to other excited states. It should be noted that all the 1 + states observed in the CE reactions which were expected within the sensitivity limits of the present experiments were identified through the observation of 1 + to 0 + γ transitions. In addition, transitions from the excited 1 + states to the first 2 + states were observed in two cases. This was confirmed by γ -γ coincidences. No other candidates for γ transitions from the β decay of these nuclei were found in the spectra. The decay schemes deduced are presented in Figs. 13-16. 
54Ni addback total γ -spectrum
The γ spectrum obtained in the add-back mode for the 54 Ni FRS setting in coincidence with β particles, but without any condition on the implanted nuclei. The identified γ lines in the 54 Co daughter nucleus from the decay of the 54 Ni mother nucleus are marked with the symbol ♣. Gamma lines in the spectrum are also identified that correspond to neutron capture in Ge and Al (*), the summing of two gammas ( ), and γ rays from the decay of other nuclei implanted in the M2 DSSSD such as 53 Mn (⊗, from 53 Fe β + decay [26] ), 50 Cr (⊕, from 50 50 Fe FRS setting in coincidence with β particles, but without any condition on the implanted nuclei. The identified γ lines in the 50 Mn daughter nucleus from the decay of the 50 Fe mother nucleus are marked with the symbol ♣. Gamma lines in the spectra are also identified that correspond to neutron capture in Ge and Al (*), the summing of two gammas ( ), and γ rays from the decay of other nuclei implanted in the M2 DSSSD such as 49 V (ℵ, from 49 Cr β + decay [32] ), 50 Cr (⊕, from 50m Mn β + decay [27] ), 48 Cr (∇, from 48 Mn β + decay [33] ), 44 Ca ( R , from 44 Sc β + decay [34] ), and 52 Cr ( , from 52m Mn β + decay [31] 46Cr addback total γ -spectrum
The γ spectrum obtained in the add-back mode for the 46 Cr FRS setting in coincidence with β particles, but without any condition on the implanted nuclei. The identified γ lines in the 46 V daughter nucleus from the decay of the 46 Cr mother nucleus are marked with the symbol ♣. Gamma lines in the spectra are also identified that correspond to neutron capture in Ge, Al, and Si (*), the summing of two gammas ( ), and γ rays from the decay of other nuclei implanted in the M2 DSSSD such as 42 42Ti addback total γ -spectrum
The γ spectrum obtained in the add-back mode for the 42 Ti FRS setting in coincidence with β particles, but without any condition on the implanted nuclei. The identified γ lines in the 42 Sc daughter nucleus from the decay of the 42 Ti mother nucleus are marked with the symbol ♣. Gamma lines in the spectra are also identified that correspond to neutron capture in Ge and Al (*), the summing of two gammas ( ), and γ rays from the decay of other nuclei implanted in the DSSSD such as 42 40 Sc β + decay).
C. Ground-state feeding, absolute feeding to excited states, and B(GT) values
It is not easy to measure the ground-state-to-ground-state feeding in β decay, because there is no γ decay to identify such events. The amount of feeding can be obtained by knowing the number of β-decaying implanted nuclei and subtracting all the feeding to the excited states using the information on the β-delayed γ transitions. However, the precise determination of 014301-10 All the values given in this figure originate from the present work except for the Q β value which is taken from [9] and the daughter half-life, taken from [7] . the total number of implantations of the decaying nuclei is also difficult, because the ions are identified only up to SCI41 and not beyond. We can never be sure whether the nuclei remain the same when they are finally implanted in M2 (the fraction which remains the same is called the survival probability). A second difficulty arises from the fact that the γ rays are recorded only if the β decay occurs and is detected. Thus the recording of the γ rays depends on the β-detection efficiency, which is also a difficult quantity to determine precisely.
To illustrate our solution to this problem we will use the 54 Ni decay as an example. We want to use the total number of parent β-decay events registered as a normalization. Again, this quantity is not a trivial matter to determine. We know that after an implantation has occurred the subsequent β registered can be from the correct associated β decay, or to the subsequent decay, or to some other random β decay. In consequence we will use the time correlations and the decay fit to retrieve the real number of parent decays.
We know how many 54 Ni parent nuclei identified up to SCI41 were implanted in M2 and gave a β-decay signal in the same pixel of the detector consistent with the 54 NiT 1/2 (see Sec. III A). This number comes out as one of the parameters in the fitting procedure shown in Fig. 8(a) . On the other hand, we can make the same kind of time correlation but demand in addition a coincidence between the β particle and the 937-keV γ ray emitted in the decay of the first 1 + state in 54 Co (see Fig. 13 ). The fit is shown in Fig. 17 . Again the number of initial nuclei giving a β-γ signal comes out as a fitting parameter. Thus, the number of 937-keV γ rays emitted per 54 Ni decay can be obtained from
where N 0 (937) is the total number of γ events in the implant-β-γ correlation fit, N 0 β is the total number of β events in the implant-β correlation fit, and γ (937) is the γ efficiency at 937 keV.
Once we obtain the absolute intensity for this particular γ ray, the remaining lines can be normalized to its intensity. The absolute feeding to each individual state can then be calculated from the difference in the γ intensity feeding and de-exciting each level. The intensities deduced are given in Tables III-VI. Finally, the ground-state-to-ground-state feeding can then be deduced by subtracting all the feeding to the excited states (see Fig. 13 ).
A similar procedure was followed in the other three cases. The resulting numbers for the β feeding in percent are given on the right-hand side of each of the level schemes shown in Figs. 13 50 Fe β-decay scheme. All the values given in this figure originate from the present work except for the Q β value which is taken from [9] and the daughter half-life, taken from [7] . It is worth noting that our measurements of the groundstate-to-ground-state (the IAS) branching ratios, together with the measured (T 1/2 ) values and Q values from the literature, allow the determination of the strength of the superallowed Fermi transitions between analogue states. As emphasised by Hardy and Towner [36] , measurements of transition rates between analogue states provide the most precise value of V ud , the up-down quark mixing element of the CabibboKobayashi-Maskawa (CKM) matrix which in turn provides an important test of the properties of the electroweak interaction and possible physics beyond the standard model. This matrix element is of paramount importance because it is the major contribution to the unitary test of the CKM matrix,
where |V ud | 2 = 0.97425 ± 0.00022. At regular intervals over the last 40 years, Hardy and Towner have published surveys of the information available on superallowed Fermi transitions with the latest appearing in 2009 [7] . In general they use odd-odd T z = 0 decays for their calculations. However, in this last survey they listed in addition eight measurements of T z = −1 to T z = 0 β decays including the decay of 42 Ti but not 46 Cr, 50 Fe, and 54 Ni because the experimental knowledge for these three decays was not sufficient. Here we provide experimental information for these three cases and improve the knowledge of 42 Ti (see below). This extends the systematics for T z = −1 to T z = 0 cases to higher masses. Hopefully this information will be useful in the next evaluation. Our measured T 1/2 values are given in Table I . The corresponding values for percentage feeding to the ground state are 79.1(12), 74.2 (14), and 77.2 (10) for the 54 Ni, 50 Fe, and 46 Cr decays, respectively. As mentioned above 42 Ti is one of the cases included in the survey of Ref. [7] . The experimental information was revisited by Kurtukian et al. in Ref. [21] . They made an effort to extract a very accurate value for the intensity of the 611-keV, 1 + to 0 + γ transition. However, in their estimate of the branching to higher excited states they followed the reasoning of Hardy and Towner [7] based on the information in Ref. [37] . In Ref. [37] , they claim an intensity for the 2223-keV γ ray that is incompatible with the fact that we did not see this γ -ray line in our data. Moreover this transition was not included in the latest evaluation of the data for 42 Ti decay [24] because in the compiler's opinion this line could be contaminated by the 1 H(n,γ ) background line. Instead we observed the 1888.4-keV line (see Table VI and Fig. 16) , with an intensity of 0.41(6)%, that was also seen by Honkanen et al. in Ref. [39] . Therefore the ratio γ total / γ 611 = 0.023, as reported in Ref. [7] should be changed to 0.007(1) which will make the ground-state-to-ground-state β branching 48.5 (12) 46 Cr β-decay scheme. All the values given in this figure originate from the present work except for the Q β value which is taken from [9] and the daughter half-life, taken from [7] .
if we use the more precise value of Ref. [21] for the intensity of the 611-keV line. This value is consistent with our less precise value of 43.7(36).
IV. DISCUSSION
A. The γ decay of the
In all of the cases studied here we found that the γ transitions from the excited 1 + states that were populated to the 0 + ground state were strong. On the other hand, the γ transitions to the J π = 1 + states at lower energies were strongly suppressed, although they can be connected by M1 γ transitions. This is consistent with the fact that these T = 0 transitions are expected to be strongly suppressed in T z = 0 nuclei as explained in detail in Ref. [40] . A short note on this particular aspect of this work is in preparation.
B. Mirror Gamow-Teller transitions from β decays and charge-exchange reactions
The main purpose of this paper was to compare β decay and CE reactions and to test the idea of using the merged analysis in cases where the β decay is poorly known. We remind the reader that for the merged analysis the only necessary information from the β decay is the T 1/2 and the Q β value. In Sec. III we described our β-decay experiments and how we obtained B(GT) values. In the following we discuss the CE experiments briefly and continue with the comparison of the results coming from both CE and β decay, including the sensitivity limit for the latter.
CE reactions measured at 0 • and at intermediate energies of more than 100 MeV per nucleon allow the study of the relative GT transition strengths with no restriction on the energy window because of the close proportionality between the GT cross sections and the B(GT) values [1, 41, 42] ,
where q is the momentum transfer and ω is the total energy transfer. The valueσ GT is the unit cross section for the GT transition at q = ω = 0 and a given incoming energy for a system with mass number A. The value F (q,ω) gives the dependence of the GT cross sections on the momentum and energy transferred. It has a value of unity at q = ω = 0 and usually decreases gradually as a function of excitation energy [43] .
At RCNP, Osaka, dispersion matching techniques were applied between a magnetic spectrometer and a beam line system [44, 45] , and energy resolutions of ∼30 keV or even better were achieved in the (p,n)-type CE reaction ( 3 He,t) at 140 MeV/nucleon and 0
• . This resolution is essential if we are going to make a detailed comparison level by level with the β-decay results.
From the CE experiments we derive relative B(GT) values. To determine absolute B(GT) values for all of the GT transitions observed in CE reactions up to high excitation energies, a method called "merged analysis" was proposed All the values given in this figure originate from the present work except for the Q β value which is taken from [21] and the daughter half-life, taken from [7] .
[4] and it is described as follows. The idea is to use the The "merged analysis" starts with the formula connecting the total β-decay half-life and the partial half-life t F of the Fermi transition and t j s of GT transitions,
The inverse of the half-life represents the transition strength. Therefore, in this formula we assume that the total β-decay strength given on the left side is the sum of the strengths of the Fermi and GT transitions, and that the contribution from (4) 245 (40) 6.04 (102) 4822.8 (7) 88 (17) 2.26 (45) 5202.4 (10) 43 (14) 1.18 (38) (3) 240 (41) 6.62 (116) 4012.7 (12) 66 (30) 1.95 (90) 4315.7 (14) 114 (46) 3.56 (142) forbidden transitions can be neglected. Applying the relationships B j (GT)λ 2 = K/f j t j and B(F)(1 − δ c ) = K/f F t F for the GT and Fermi transition strengths, respectively, one can eliminate both t F and t j , and we obtain
where f F and f j can be calculated if the decay energy is known, B(F) = |N − Z|, and the relative strengths proportional to B j (GT) can be studied in the ( 3 He,t) reaction [see Eq. (3)]. Therefore, if the total half-life T 1/2 and Q β values of the β decay are known accurately, the relative strengths of the B j (GT) studied in the ( 3 He,t) reaction can be converted into absolute values. One of the main objectives of the present work is to determine the extent to which the assumptions (i) and (ii) mentioned above are fulfilled for T z = ±1→ 0 GT transitions in the f 7/2 shell nuclei. Because the accuracies of the T 1/2 values were considerably improved in the present β-decay measurements, we noticed that better accuracies are achieved for the ( 3 He,t) B(GT) values by renormalizing the literature values using the "merged analysis" described above. For the decay of 54 Ni, 50 Fe, and 46 Cr, we used T 1/2 values from the present analyses, and for the decay of 42 Ti, an even more accurate T 1/2 value of 209.14(45) ms from Ref. [21] was used. The ( 3 He,t) B(GT) values for each mass A system were taken from A = 54, Refs. [3, 46] ; A = 50, Ref. [4, 46] ; A = 46, Ref. [5, 46] ; and A = 42, Ref. [6, 46] . The Q β values for the A = 54, 50, 46, and 42 systems were taken from Ref. [9] . The comparison between the β-decay B(GT) values and the newly renormalized ( 3 He,t) B(GT) values can be seen in Tables VII-X and in Fig. 18 . The uncertainties include the statistical uncertainties as well as the error in the (T 1/2 ) and in the Q β values.
As mentioned, β-decay experiments are limited by the energy window accessible in the decay. On top of that the observation of levels at high excitation energy is difficult because of the combined effect of the Fermi function (f ) and the decrease in γ detection efficiency ( γ ) of the Ge detectors or the decay by protons at energies about 1 MeV above the proton binding energy. To take the two first effects into account, we introduce the sensitivity limit defined by
and it is shown by dots in Fig. 18 (for energies below the expected decay by protons). The resulting curves have been adjusted to the smallest peaks which could be identified in our spectra.
The first thing to notice is that in our experiments we observe all of the states that were observed in the CE reactions [except for the small peak observed at 2790 keV in the 50 Cr( 3 He,t) 50 Mn reaction]. We did not observe any 1 + level isospin symmetry works to a reasonable extent and that one can indeed study GT transitions using the strong interaction for those states which are not accessible in β decay. It also tells us that the "merged analysis" works well for the first excited states, i.e., the ones that contribute the most to the (T 1/2 ). However, if we take a closer look at this comparison, and at the higher excited states in particular, we observed some differences. They amount to up to 50% in some cases (see Table VII ). Possible sources of these differences are discussed below. They fall into three categories, namely (i) possible systematic errors in the determination of the B(GT) values in β-decay, (ii) possible differences arising from the use of the CE reactions to extract relative B(GT) values, and (iii) differences originating from the fact that the initial states involved in the β decay and in the CE reactions are not identical. We discuss each of the possible effects below:
(i) First one might consider the possibility of systematic errors in calibrating the efficiency of the γ array. However, as described earlier, we devoted considerable effort to establishing the efficiency curve and there were a number of internal cross-checks which established its soundness and reliability. It is also possible that the observed differences have their origin in the so-called Pandemonium effect in β decay [47] . In essence, it is possible that we underestimate the β feeding to the 1 + states because the de-excitation of the states can be fragmented into a number of parallel cascades, some of which may not be detected, or overestimate them because we fail to detect gamma feeding to the 1 + states from levels lying above. However, in the cases studied here this is unlikely because all of the excited states observed decay in the same way, i.e., mainly to the ground state as expected if they are T = 0 states as explained in Ref. [40] . A related problem is the fact that there are levels above our sensitivity limit which will most probably decay to the ground state and will produce an "apparently higher" ground-state-to-ground-state feeding. Based on the CE reaction data we estimate that the feeding to states below our sensitivity limit will be in the worst case of 54 Ni decay less than 2% and will be dominated by proton decay. Consequently, the effect on the ground-state feeding and on the estimated B(GT) values is negligible.
(ii) Turning to the CE reactions it is clear that two-step processes could change the cross section for particular states. However, at an energy of ∼140 MeV per nucleon it is generally accepted that such effects should be small. Another difference between β decay and CE is that the latter is peripheral and therefore sensitive to the part of the radial wave function close to the nuclear surface. However, in the cases studied here, we are dealing with valence nucleons in the f 7/2 or f 5/2 orbitals, where such differences are small. Larger differences might be anticipated when the next orbital, the p 3/2 , is involved, i.e., in the A = 58 system. A more serious source of concern is the possible tensor contributions to the transition between the parent state and the states in the daughter final nucleus. In β decay only the L = 0 σ τ contribution is allowed ( L = 0, S = 1, T = 1, and thus J = 1), while in CE reactions the amount of momentum transfer is finite even in measurements at 0 • because of the finite negative Q value of the reaction. Hence the noncentral isovector-tensor (Tτ ) interaction behaving like L = 2, S = 1, T = 1, and thus J = 1, can contribute. This can modify the cross section of the 1 + excited states and give an extra contribution to the B(GT) values. (iii) Finally we are concerned in this article with the comparison of two initial states that are mirror states with opposite values of T z and in principle the same isospin T . If isospin is a good quantum number this would mean that the two states are identical. However, we know that the nuclear Hamiltonian is not charge independent and thus we are not dealing with initial states of pure isospin. The long-range Coulomb force is the most obvious source of the charge dependence effects but the short-range nuclear force is also charge dependent and there is also a charge-dependent spin-orbit component in the nuclear potential because the nucleons have different magnetic moments and charges; see, for example, Ref. [48] . All of these effects lead to isospin mixing of the nuclear states. Ignoring the details of the charge dependence of the Hamiltonian one might expect that (a) the radial wave function of the T z = −1, 0 + ground state will be more extended than its mirror counterpart because of the repulsion of the extra two protons, and (b) both states will have a dominant T = 1 component but might have different admixtures of T = 2 isospin in their wave functions. This implies that the transitions to the common T z = 0 final nucleus might differ and thus contribute to the differences in B(GT) that we observe.
The last two points, namely, the possible tensor contributions and different amount of isospin mixing in the parent states, might be possible to calculate theoretically. We hope this paper will stimulate such an effort. Here we provide the experimental approach which can be used to test such calculations in the future.
Finally, to have a full picture of the B(GT) strength as a function of the excitation energy using the information from both experiments it is convenient to look at the accumulated strength shown in Fig. 19 , where small differences from weak peaks are smoothed out. It is also appropriate because this kind of presentation is often used to compare theory and experiment. If we look at the energy range where data exist for both kinds of experiments, we can see that the results agree very well. On the other hand there are important contributions to the B(GT) inside the Q β window but below our sensitivity limit in beta decay which today can be extracted only from the CE data. This is clear proof that the "merged analysis" is a very useful tool if we want to discuss the B(GT) distribution in the full Q β window.
V. SUMMARY AND CONCLUSIONS
In this work we have studied the β decay of the T z = −1 f 7/2 nuclei 54 Ni, 50 Fe, 46 Cr, and 42 Ti, produced in fragmentation reactions at GSI. We have compared them with measurements of the corresponding T z = +1 to T z = 0 CE reactions carried out at RCNP-Osaka. We wanted to test whether these two processes are the same and, if not, how they might differ. This is an interesting problem in itself but also because this idea is used in the so-called "merged analysis" [4] in which one uses the (T 1/2 ) value and the Q β of the β decay to normalize the relative B(GT) values from the CE in the mirror nucleus to obtain a full picture of the B(GT) distribution as a function of excitation energy inside the Q β window and even beyond. From all possible cases to test this idea the T = 1 triplet is the simplest because we start with two mirror initial states but we end up in the same final nucleus. In other words, the possible differences in nuclear structure between the parent-daughter mirror pairs are minimized in this case. We wanted to study several cases and for each case several transitions to make this comparison meaningful.
Our experiments were timely because of the installation of the Ge RISING array at the GSI Fragment Separator, and the high resolution studies of the CE reaction now possible at RCNP-Osaka. Our results represent a significant step forward because up to now it had only been possible to observe β decays to the first excited 1 + state for three of the four cases studied. The greatly improved decay schemes include the β feeding to the ground state and improved values for the parent (T 1/2 ).
The results obtained allowed us to make the comparison of the B(GT) values derived from the β decay, including a sensitivity limit, with the results of the CE studies normalized using the merged analysis. The B(GT) values extracted by the two methods are very similar for the strong transitions that dominate the (T 1/2 ). Moreover, all the transitions observed in the CE process and inside our sensitivity limit are also observed in the β-decay experiments. When looking in more detail, however, one finds that there are some differences for the weak transitions. We have considered the possible origins of the differences. We concluded that the most probable reasons are, that the differences lie in the possible tensor contributions in the CE process and/or that the wave functions of the initial parent states may be different for a variety of reasons. To disentangle these two effects one needs further theoretical input, and we hope this work will serve to stimulate an effort in this direction. It is also important to measure other cases with larger T z and mass. With this idea in mind we have launched and performed a series of experiments at GANIL [49, 50] .
We have also looked at the accumulated B(GT) as a function of excitation energy in the daughter nucleus; we can see that both probes give very similar results at energies where the beta decay experiment has enough sensitivity, however, looking at the CE experiments, there is some sizable B(GT) strength beyond this point and still inside the Q β window.
We conclude that the merged analysis can be used to deduce information on the B(GT) strength expected in β decay for those cases where the knowledge of the β decay is very limited, for instance, if we only know the (T 1/2 ) and the Q β value, but also to extract information on how much of the transition strength is expected above the sensitivity limit of our experiments.
Our measurements also add to the information on superallowed Fermi transitions between T z = −1 and T z = 0 nuclei which are important for testing the unitarity of the CKM matrix. They extend the systematics on such transitions, carefully collected and analyzed at regular intervals by Hardy and Towner, [7] to higher masses.
